Flowing blood sometimes appears bright on synthetic T 1 -weighted images, which could be misdiagnosed as a thrombus. This study aimed to investigate the frequency of hyperintensity within cerebral venous sinuses on synthetic MR images and to evaluate the influence of increasing flow rates on signal intensity using a flow phantom.
Introduction
Signal analysis in vessels is often complex because of the variability in the appearance of flowing and stationary blood on MRI. Many technical factors affect the signal intensity of blood, including the type of sequence, sequence parameters, the field strength, and the use of flow-compensation techniques. Additionally, the signal intensity is also influenced by blood flow-related characteristics such as the direction of blood flow with respect to the B 0 field and the blood velocity, acceleration, and pulsatility. 1, 2 Thus, rapidly flowing blood may cause a signal void, whereas slowly flowing blood may appear hyperintense and simulate a thrombus. Conversely, a thrombus may demonstrate variable MRI signals according to the stage of hemoglobin degradation. [2] [3] [4] Synthetic MRI is a quantitative technique based on the absolute quantification of longitudinal relaxation time (T 1 ), transverse relaxation time (T 2 ), and proton density (PD), yielding a free range of contrast-weightings from a single acquisition, with high repeatability and reproducibility across different vendors. 5, 6 The quantification of relaxation times and proton density by multi-echo acquisition of a saturation recovery using turbo spin-echo readout (QRAPMASTER) pulse sequence, which is provided by the manufacturer SyntheticMR AB, Linköping, Sweden, is a two-dimensional multi-slice, multi-echo, and multi-saturation delay saturation recovery turbo spin-echo acquisition method that provides images for different combinations of TE and saturation delay time (TD). The acquired data are used to calculate T 1 and T 2 maps at each slice position, which are then used to extract the synthetic MR images. [6] [7] [8] [9] [10] Theoretically, synthetic MRI based on QRAPMASTER is supposed to be an inherently black-blood imaging technique, due to the constant saturation of flowing blood, which implies that the vascular lumen is signal-free. 6 However, in our clinical experience, there are persistent flow-related artifacts in larger veins, especially on T 1 -weighted images, rendering the vein lumen heterogeneous. This finding could raise a suspicion of venous thrombosis.
This study aimed to evaluate the signal intensity within cerebral venous sinuses (CVSs) on different contrastweighted images obtained with synthetic MRI in a series of patients. We also performed experiments with a flow phantom to evaluate the effect of increasing flow rates on the signal intensity.
Materials and Methods
This retrospective study was approved by the Institutional Review Board of our institution. Written informed consent was not required for this study given its retrospective nature.
Patient data
The study population consisted of 22 consecutive patients (13 female and 9 male; average age, 57.3 years; age range, 27-85 years) who had undergone brain MRI studies at our institution in April 2015 for various indications (Table 1 ). All subjects fulfilled the following inclusion criteria: 1) availability of both conventional and synthetic MRI data and 2) no previous history of craniotomy, sinus thrombosis, or vascular malformation.
Acquisition data
All MR examinations for patients were performed using a 3T MRI scanner (Discovery MR750w, GE Healthcare, Waukesha, WI, USA) with a 19-channel head coil. The protocol for conventional MRI sequences included T 1 -weighted fast spin-echo inversion recovery, T 2 -weighted periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER), T 2 * gradient-echo, and fluid-attenuated inversion recovery (FLAIR) fast spin-echo sequences in the axial plane. The imaging parameters are summarized in Table 2 .
Quantitative MRI was performed in addition to conventional MRI sequences using the QRAPMASTER sequence. Quantification map acquisition and raw data processing were performed with synthetic MRI software (v8.0, SyntheticMR AB), and synthetic images were created with the following parameters: TR = 500 ms and TE = 10 ms for T 1 WI; TR = 4500 ms and TE = 100 ms for T 2 WI; and TR = 15000 ms, TE = 100 ms, and TI = 3000 ms for FLAIR.
Data analysis
A radiology resident (L.C.) blinded to the clinical information performed readings of MRI scans based on T 1 -weighted, T 2 -weighted, and FLAIR images on synthetic MRI software for each patient. To evaluate interrater reliability, a senior neuroradiologist (C.A.) conducted a second reading of the same imaging dataset.
The signal intensities at different locations within the CVS lumen were rated using a three-point scale, with 0 indicating "vessel completely dark," 1 indicating "hyperintensity within the walls sparing the lumen" (Fig. 1) , and 2 indicating "hyperintensity within the lumen" (Fig. 2) . For each sinus, the first rater designated a reference slice that the second rater read subsequently.
The following eight venous segments were analyzed: two sites in the superior sagittal sinus (the convexity and the level of the bodies of the lateral ventricles), straight sinus (the level of the foramen of Monro), confluence of sinuses, right transverse sinus, right sigmoid sinus, left transverse sinus, and left sigmoid sinus. When a sinus was hypoplastic, the signal intensity was not evaluated. Additionally, the signal intensities within the petrous internal carotid arteries (at the end of the horizontal portion) were analyzed using the same scale. The presence of ghosting artifacts near the different venous segments was also investigated.
Conventional MR images were analyzed in search of sinus abnormalities suggestive of thrombus, such as sinus enlargement or focal areas with blooming artifacts. Follow-up conventional MRI scans performed between 4 and 33 months after the initial examination, depending on the subjects, were available in 15 patients. T 1 -weighted sequence with administration of gadolinium-based contrast agent was not available for all patients at the time of the examination or in the further studies. Medical charts of all patients were consulted.
Phantom study
A flow water phantom (HB-1; FUYO-CORPORATION, Tokyo, Japan) was scanned using a 3T unit (MAGNETOM Prisma; Siemens Healthineers, Erlangen, Germany) with a 64-channel head coil. A QRAPMASTER pulse sequence was acquired. Patients and the phantom were scanned on different machines because the GE scanner was not available at the time of phantom acquisition for organizational reasons. The sequence parameters for the GE and Siemens scanners were virtually identical, as provided by the manufacturer (Synthetic MR AB). We used the same post-processing parameters for these two scanners. Synthetic T 1 -and T 2 -weighted images and T 1 , T 2 , and PD maps obtained from the QRAP-MASTER sequence were analyzed.
The flow apparatus consisted of a U-shaped tube with two straight portions connected by a curved portion. The inner and outer diameters of the tube were 5 and 8 mm, respectively. The distance between the left and right tubes was 6 cm. The straight portion of the tubes was 30 cm long. The phantom was immersed in a static half-filled water bath. The flow rate through the tubes was monitored continuously using a calibrated flow pump (ALPHA FLOW EC-1, FUYO-CORPORATION) (Fig. 3) . The recirculating fluid was a gadolinium solution (ProHance; Bracco-Eisai, Tokyo, Japan) diluted to mimic the T 1 -relaxation time of blood (1500 ms).
11
The room temperature was kept at 20.8°C.
The flow apparatus was placed within the magnet so that the flow directions were parallel to the magnet bore. The phantom was scanned in an axial plane, without flow, and then with a steady flow at different rates (60, 100, 200, 300, 400 ml/min). Mean flow velocities were calculated using the following formula:
where V is the blood velocity in cm/s; Q, the flow rate in ml/s or cm 3 /s; S, the area of the vessel section in cm 2 ; and r, the radius in cm. Thus, the corresponding mean flow velocities were 5.1, 8.5, 17.0, 25.5, and 34.0 cm/s, respectively. These values were set to cover the physiological variability of flow velocities (i.e., mean velocities = 6-13 cm/s and peak velocities = 16-32 cm/s) in a healthy population in different locations of the CVS, as described previously. 12 The solution flowed into the left segment of the tube and out from the right segment. Phase-encoding was oriented in the anteroposterior axis to avoid projection of pulsation artifacts on the adjacent tube. No flow-compensation technique or presaturation pulses were used. The phantom was scanned three times without flow and twice with flow. Signal intensity and quantitative parameters were analyzed at the same slice between the different acquisitions, at the level of the middle portion of the tube. The choice of this central slice, distant from possible artifacts occurring at the extremities of the phantom, was assumed to be more representative. The ROI analysis on images without flow were based on the three acquisitions, with one ROI for each acquisition. With flow, we showed the results obtained with the acquisition which was less subjected to flow artifacts. We did not provide quantitative measurements as the values were quite variable within the lumen (in the same slice and through different slices).
Statistical analysis
An interrater reliability coefficient was calculated using squared weighted Cohen's Kappa test after pooling the results from the three sequences and considering all the locations of sinuses for all the patients. A value <0.2 indicated very poor agreement; 0.2-0.4, slight agreement; 0.4-0.6, moderate agreement; 0.6-0.8, substantial (good, high) agreement; and values > 0.8, excellent agreement. Statistical analyses were performed using the software package R version 3.2.1 (http://www.R-project.org/) 
Results

Patient data
Considering all CVSs, on synthetic T 1 -weighted images, the venous signal intensity was bright (rated grade 2) in 79.8% of the patients. Grade 1 was observed in 19% of the patients (Table 3) . Conversely, on synthetic T 2 -weighted images, sinuses were always dark (grade 0). On FLAIR images, the signal was almost always low (99.4% for grade 0). Details of the grading for each sinus are shown in Table 3 .
Considering the petrous internal carotid arteries, grade 0 was noted in 77%, 95%, and 95% of the patients on synthetic T 1 -weighted, T 2 -weighted, and FLAIR images, respectively. No patient showed grade 2 findings. Considering the three synthetic images and all locations of sinuses for all patients (a total of 489 values), the agreement was almost perfect, with a squared weighted Cohen's Kappa coefficient equal to 0.967 (P < 0.05).
No major ghosting artifact near the CVS was seen on any of the synthetic images. On conventional MR images, no sinus abnormality suggestive of thrombosis was observed in any of the patients. Assessments of follow-up MRI studies as well as the medical file did not show any finding indicating CVS thrombosis.
Phantom study
Without flow, the signal intensities within the tubes were homogeneous, appearing moderately hyperintense on both T 1 -and T 2 -weighted images (Fig. 4) . On T 1 -weighted images, at a flow rate of 60 ml/min, the lumen in the inflow tube appeared dark and surrounded by a thin hyperintense rim. The results below were obtained with the acquisition which was less subjected to flow artifacts. At 100 ml/min, a slightly hyperintense spot appeared in the center, displaying a "target" appearance. No significant pulsation artifact was seen. At 200 ml/min, the lumen became slightly brighter while ghosting artifacts in the anteroposterior axis appeared. At 300 ml/min, the signal was heterogeneous, partly bright. At 400 ml/min, the heterogeneity and ghosting artifacts decreased. On T 2 -weighted images, the signal intensity immediately decreased and remained low, with pulsation artifacts being much less visible on T 2 -weighted images compared with T 1 -weighted images.
On T 1 -weighted images, at a flow rate of 60 ml/min, the signal intensity in the outflow tube became bright and heterogeneous and ghosting artifacts appeared. The signal intensity continued to increase at 100, then 200 ml/min. At 300 ml/min, and then at 400 ml/min, the signal intensity started to decrease along with a marked reduction of the pulsation artifacts. On T 2 -weighted images, the signal intensity immediately decreased and remained low while the flow rate increased. The signal intensity increase with flow velocities, as well as the pulsation artifacts, were much more prominent in the outflow tube than the inflow tube. Considering the quantitative parameters, without flow, the T 1 , T 2 and PD values obtained were similar between the three acquisitions. Mean ± standard deviation (SD) were equal to 1724 ± 67, 1651 ± 230 ms, and 107 ± 1% in the inflow tube and 1697 ± 61 ms, 1778 ± 148, and 107 ± 2% in the outflow tube, respectively, based on the three acquisitions.
With flow, an overall decrease of T 1 , T 2 , and PD values could be visually assessed on each quantitative map, even though there was a great dispersion of the values, making measurements inaccurate (Fig. 4) .
Discussion
Synthetic MRI based on the QRAPMASTER pulse sequence is considered a black-blood imaging technique because of the constant saturation of flowing blood. 6 However, we assessed the frequency of high signal intensities within CVSs on synthetic T 1 -weighted images, since such findings could raise suspicion of venous thrombosis.
Indeed, in the acute stage of thrombosis (within 7 days following the onset of the symptoms), the thrombus is initially isointense on spin-echo T 1 -weighted images and hypointense on T 2 -weighted images due to paramagnetic properties of deoxyhemoglobin. In the subacute stage, it becomes hyperintense on both T 1 -and T 2 -weighted images owing to the presence of extracellular methemoglobin. The thrombus can occasionally appear hyperintense on T 1 -weighted images and hypointense on T 2 -weighted images due to the presence of intracellular methemoglobin, 3 leading to the risk of misdiagnosing a venous T 1 -weighted hyperintensity as a thrombus. Given the retrospective nature of our study and the low pre-test probability of thrombosis, this diagnosis could be easily ruled out by a cross-comparison with other weightings on conventional and synthetic MRI along with the clinical and follow-up imaging data. Nevertheless, the distinction can be more difficult in routine MRI evaluations. The pre-test probability based on the symptomatology, the patient history, and the risk factors for thrombosis should help radiologists in this interpretation.
Although synthetic MRI has demonstrated clinical accuracy in various neurological processes, it has some pitfalls. 13 Concerning flow effects, Lee et al.
14 reported an increase in pulsation artifacts caused by arteries and cerebrospinal fluid on synthetic non-enhanced T 1 -weighted images in comparison with conventional T 1 -weighted images in children over 2 years of age (until 16 years). To the best of our knowledge, no study has ever analyzed the signal intensity within CVSs on synthetic MRI.
The flow phantom experiment in our study showed that when a solution was flowing in or out of the tube, the signal was prone to become bright on synthetic T 1 -weighted images as the flow rate increased. The flowing fluid within the phantom would be presumed to have a lamellar profile, consequently explaining the difference of appearance between the periphery of the lumen which was dark, and the center which was bright, as the center will flow faster. Signal changes were much more important in the outflow segment of the phantom rather than in the inflow segment. These differences are likely to be linked with flow direction. Interestingly, the signal started to decrease above a certain flow rate (300 ml/min for the inflow tube; 200 ml/min for the outflow tube). Thus, the signal intensity may have continued to decrease for higher velocities, representative of arteries. Indeed, the normal velocities of cerebral arteries (peak and mean) are higher than the highest value used in our phantom experiment (33.3 cm/s). 15 These observations were consistent with the high frequency of hyperintensity within CVSs in the patients' MRI scans. Conversely, the signal within cavernous internal carotid arteries was more often dark on synthetic T 1 -weighted images, only displaying a thin peripheral hyperintensity in less than a quarter of the patients. Our investigations also revealed that the signal within both CVSs and tubes always remained dark on synthetic T 2 -weighted images, this contrast-imaging being much less sensitive to pulsation artifacts than T 1 -weighted images.
The behavior of flowing blood signals on MRI sequences is complex and responds to intricate technical and physiological factors. Imaging factors include the type of sequence, the sequence parameters, the field strength, and the use of flowcompensation techniques and cardiac and/or respiratory gating. 1, 4 Various blood flow-related characteristics such as the mean and the peak blood velocities, the distribution of the velocities, the acceleration, the pulsatility and the direction and orientation of the flowing blood with respect to the B 0 field, should also be considered. Time-of-flight effects affect the vessel's signal on spinecho sequences differently according to the blood velocities, with respect to the imaging parameters. They proceed from the motion of protons flowing in or out of an imaging volume. At low velocities, the signal intensity is high and first gradually increases with velocity until a peak velocity is reached. Indeed when unsaturated blood enters the imaged volume and is subject to its first set of pulses, it will generate a stronger signal compared with stationary tissues: this is the "flow-related enhancement", also known as the "entry phenomenon." It is typically seen at the first slices of a multislice acquisition. If blood flow is sufficiently rapid, the effect may penetrate several slices deep into the volume. The effect is maximal when blood flows perpendicular to the image plane.
2 The use of a presaturation pulse, with a band being positioned at the top or at the bottom at the imaging volume, suppresses the flow-related enhancement effect by saturating the moving spins that were initially out of the image volume. 16 This "flow-related enhancement" phenomenon might account for the increase in signal intensity initially observed within the inflow segment. The signal within the outflow tube was also mainly bright although it would be expected to be low owing to the saturation of spins. Hence the magnetization state of flowing spins might have changed while passing through the curved portion of the tube, which was included in the acquisition volume. The hyperintensity observed in the outflow tube could be explained by the assumption that the spins had enough time to recover their longitudinal magnetization before arriving in the outflow segment, thus generating a high signal. It is difficult to say to what extent the geometry of the tube, especially the length of the U-shaped portion, might have influenced these signal's changes.
In the second phase, at higher velocities, the signal gradually decreases when a maximal speed is reached. 2 It is known that spins rapidly flowing out of slices that have received the 90° pulse can miss the 180° pulse. They are replaced by protons that were not exposed to the 90° pulse and thus do not have any transversal magnetization, resulting in a low signal. This second type of time-of-flight effect could account for the decrease in signal intensity observed within the phantom on T 1 -weighted images at high velocities. Furthermore highvelocity signal loss is more prominent on long TE spin-echo images since long echo times provide a greater chance for spins to flow out of the slice between the 90° and 180° pulses. 2, 17, 18 This could explain why vessels are more prone to appear black on T 2 -weighted images than T 1 -weighted images. With gradient-echo sequences, only flow-related enhancement is seen. High-velocity signal loss does not occur since the read-out gradient which forms the echo in gradient-echo images is not slice selective. 2, 17, 18 However, one should keep in mind that flow effects in synthetic MRI are more complex than in conventional spin-or gradient-echo sequences. The behavior of flowing blood is more difficult to predict because synthetic MRI involves quantification of T 1 , T 2 , and PD, and synthesis of contrast-weighted images is based on multiple raw images without consideration of flow effects.
On the other hand, spin-phase effects refer to changes in the precession angle of protons while moving within a gradient. If a proton changes its position while the gradients are applied, it will lose phase compared with stationary tissues, inducing a vascular signal loss. Spin-phase effects are particularly visible near vessel walls and in the regions of turbulence.
1,17 They might account for the signal loss observed with higher velocities. Gradient-moment nulling or flowcompensation gradients can reduce flow-related artifacts by compensating for the spin-phase dispersion due to the movement of flowing protons. 19 Flow-compensation gradient techniques are not implemented in the QRAPMASTER sequence used at our institution. The influence of flow-compensation techniques on vessels signal would be an interesting parameter to explore in future works.
Limitations
There are several limitations to our study. First, the pre-test probability of venous thrombosis in our series of patients was low, with patients being referred for various indications. Selecting a target population with a clinical suspicion of deep venous thrombosis would have been more relevant. However, such patients were not available in our database.
Second, our study focused on CVS signals. For arteries, signal analysis was limited to one location. Even though no patient showed hyperintensity in the lumen of the internal carotid arteries, a more exhaustive reading, including many arterial locations, would have been more accurate. Nevertheless, the signal-intensity scoring was difficult owing to the partial volume effects generated by a small arterial caliber and frequent changes in direction.
Third, our flow phantom experiment did not take into account the pulsatile behavior seen in veins. Indeed, similar to arteries, CVSs also display a degree of pulsatility mainly attributable to arterial pulsations passively transmitted to the venous system. 1, 2, 20, 21 As shown by Stoquart-Elsankari et al., 20 the pulsatility index (represented by the difference between the maximum and the minimum velocities divided per the maximum velocity, multiplied by 100) was lower in the superior sagittal sinus (21 ± 10) than the internal jugular vein (38 ± 15). Further studies should evaluate the effect on the signal intensity of a pulse applied to a flowing solution.
Another physiological condition influencing venous flow is breathing. Using MR venography and phase-contrast images with peripheral pulse gating, Kudo et al. 22 showed that breath-holding affects signal intensities and blood velocities in a series of patients. In our study, technical limitations did not allow this parameter to be implemented in the phantom experiment.
Conclusion
Our study showed that CVSs often show a high intraluminal signal on synthetic T 1 -weighted sequences. This could be a pitfall of synthetic MRI and should not be misdiagnosed as venous thrombosis. The clinical findings correlated with the experimental observations, wherein the signal intensity within the outflow tube increased when flow was added to the solution. 
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